T h i s j o u r n a l i s © T h e R o y a l S o c i e t y o f C h e m i s t r y 2 0 0 4 2 5 8 2 D a l t o n T r a n s . , 2 0 0 4 , 2 5 8 2 -2 5 8 7 The ensuing changes to the MMCT energy have been examined within the framework of Hush theory, and it was found that the free energy change between the redox isomers was the dominant effect in altering the energy of the MMCT transition.
Introduction
In recent years we have reported the syntheses and characterisation of a new class of molecular mixed valence dinuclear complexes comprising ferrocyanide as the electron donor and Co III as the electron acceptor. [1] [2] [3] [4] As an example, the complex anion trans- [L 14 CoNCFe(CN) 5 
Under favourable circumstances i.e. reversible electrochemistry and clearly resolved MMCT spectral bands, all three terms of eqn.
(1) may be determined independently, which not only provides a rigorous test of the applicability of Hush theory to these compounds but also allows the two independent contributions of E op to be determined and to understand the important factors that affect their magnitudes. Previously, we found that the influence of geometric isomerism on the MMCT energy of the closely related compounds trans- [L 14 CoNCFe(CN) 5 ] − and cis- [L 14 CoNCFe(CN) 5 ] − led to differences in both G o and . 3 However, as these changes were opposite in sign, the overall MMCT energies of the isomers were essentially the same. Earlier we had also found that changing the macrocyclic ring size from fourteen (trans- [L 14 CoNCFe(CN) 5 ] − ) to fifteen gave essentially the same values of all three parameters. 2 It has now become apparent to us that significant changes to the energy of E op , and hence the colour of the complex, demand more forceful changes to the complex than simply changing macrocyclic ring size or its mode of binding (trans or cis). To this end, we report here two approaches to tuning the MMCT energy of trans- [L 14 CoNCFe(CN) 5 
where G o is the free energy difference between the 'redox isomers' (Co  III -Fe  II and Co  II -Fe  III ) and  is the combined outer and inner sphere reorganisational energy; effectively the excess vibrational energy that the MMCT excited state possesses following electronic excitation. The free energy difference (in units of cm −1 ) may be approximated from the difference between the donor (Fe  III/II ) for electrochemistry contained ca. 2 mmol dm −3 analyte and 0.1 mol dm −3 NaClO 4 and were purged with nitrogen gas before measurement. Pulse radiolysis experiments were performed on 0.1 mmol dm −3 solutions of the compounds dissolved in Millipore water. The experimental setup has been described previously.
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Crystallography
Cell constants were determined for all complexes by least-squares fits to the setting parameters of 25 independent reflections measured on an Enraf-Nonius CAD4 four-circle diffractometer employing graphite-monochromated Mo K radiation (0.71073 Å) and operating in the -2 Å scan mode. Data reduction and empirical absorption correction (-scans) were performed with the WinGX package. 9 Structures were solved by direct methods with SHELXS and refined by full-matrix least-squares analysis with SHELXL-97. 10 The H atoms of noncoordinated water molecules were not modeled. Due to the large number of variables relative to observed reflections, the C-atoms in Na{trans- [ 14 Cl](ClO 4 ) 2 (1 mmol) was first converted to its hydroxo form by stirring a solution of the complex at ca. pH 10 at room temperature for 10 min. Base hydrolysis was apparent from a colour change from red to apricot. The pH was then lowered to ca. 5 with HCl to afford the more reactive aqua complex (orange) and an equimolar amount of K 4 [Ru(CN) 6 ] (1 mmol), dissolved in a minimum amount of water, was added to the solution. The pH of the mixture was monitored and kept above 6 at all times to avoid the precipitation of an orange powder (typically at pH 5), which, if formed, could be redissolved on addition of base. The orange solution was stirred at 60 °C for 16 h, filtered, diluted ten-fold, and then passed through a Sephadex C-25 cation exchange column to remove cationic species. The desired complex, was not retained by the resin, but was collected and the column washed with a further 500 ml of water. The eluate was adsorbed onto a Sephadex DEAE A-25 anion exchange column and eluted with 0.1 M NaClO 4 as a single band. Orange power formed from the concentrated solution upon standing (38% yield). Anal. found C, 31 
Results and discussion
Physical methods
Electronic spectra were recorded on a Perkin-Elmer Lambda 40 spectrophotometer, and infrared spectra were obtained on a PerkinElmer 1600 Series FTIR spectrometer, with samples dispersed in KBr discs. Nuclear magnetic resonance spectra were recorded at 200 ( 1 H) and 50.3 MHz ( 13 C) on a Bruker AC200 spectrometer using D 2 O as the solvent and sodium(trimethylsilyl)-propionate (TSP) as the reference. A BAS100B/W potentiostat was used for all electrochemistry experiments. Cyclic voltammetry was performed with either a glassy-carbon working electrode or a PARC 303 model static mercury-drop electrode, employing a Pt-wire auxiliary electrode and a Ag/AgCl reference electrode. All aqueous solutions , which forms much more slowly. The most significant difference here is between the redox potentials of the hexacyanometallate complexes; the Ru analogue being some 600 mV more positive than its Fe relative. Evidently, [Ru(CN) 6 ] 4− is too poor a reductant to produce any significant amount of the Co II complex of L 14S and the reaction must take place directly without catalysis by electron transfer.
The infrared spectra of both complexes as KBr discs reveal three separate sets of ν CN vibrations at ~2045, ~2080 and ~2125 cm −1 , and these bands were assigned by reference to previous vibrational spectroscopic studies on complexes comprising both bridging and terminally bound cyano ligands. 16, 17 The four equatorial cyanides appear at lowest frequency and are most intense, the axial cyanide trans to the bridging ligand appears in the middle and the bridging cyano ligand vibration emerges at highest frequency. It is notable that the two complexes give essentially the same CN − vibrational frequencies despite the central metal of the two hexacyanometallate moieties being different. The reason that the bridging cyano ligand vibrates at a higher frequency than the terminal ligands may be attributed to stabilisation of the (occupied)  2S * antibonding orbital of the bridging CN − ligand through overlap with the Co orbitals, thus strengthening the CN bond.
The 19 (as well as its cis isomer 18, 22 ) , as confirmed by X-ray crystallography.
The crystal structure of Na{trans-[L 14S CoNCFe(CN) 5 ]}·51⁄2-H 2 O·1⁄2EtOH was determined and a view of the complex anion is shown in Fig. 1 . Although only a partial data set could be obtained, the structure was solved and refined without problems, albeit to a poorer precision than one would like. The pendent amine coordinated to the Co ion is trans to the bridging cyano ligand, as expected from the NMR data. The two five-membered chelate rings have the same chirality i.e. they adopt a staggered relative conformation and the six-membered chelate ring adopts a chair conformation, but with the S-donor lone pairs above the macrocyclic plane as drawn, which defines a trans-III configuration. The shortest bond to the Co ion is the N-bound cyano ligand and the longest ones are to the S-donors. The Co-N(amine) and Co-S bond lengths are similar to those seen in the structures of cis- [ The Fe-C coordinate bonds around the ferrocyanide moiety are as expected, 23 and the bond angles define an approximately octahedral coordination geometry. The bridging Co-N-C-Fe moiety is close to linear and the Co-Fe separation is about 4.90 Å. The sodium counter ion (not shown) is in an N 2 O 2 distorted tetrahedral coordination environment comprising two water molecules and two terminal cyano ligands from different complex anions. The asymmetric unit includes five water molecules (one of them disordered over two sites), and a disordered water/ethanol solvent molecule; both contributors refined to half occupancy.
Two 5 ]. 2, 3 In fact the trans-I N-based diastereomeric form has been seen in all but one structurally characterised, pentadentate-coordinated Co III complex of L 14 . 21, 22 The coordinate bonds around the Ru atom are the same within experimental error and consistent with those found in other hexacyanoruthenate(II) containing structures. [24] [25] [26] A notable feature is the pronounced distortion of the C1a-N1a-Co angle (162.8(8)°) from its ideally linear value. Examination of the crystal packing (ESI Fig S1 †) illustrates that this distortion can be attributed to repulsion between the Co pentaamine fragment and the tetrahedrally coordinated Na atom (which is also coordinated to the cyano ligand through N4a). units within the asymmetric unit. Both independent complex anions have similar conformations and coordinate bond lengths; one of these is shown in Fig. 2 (Fig. 3(a) ). This may be attributed to the softer thioether donors stabilizing the divalent oxidation state relative to its pentaamine macrocyclic relative. The Fe III/II couples are the same, as expected. − . Therefore, electrochemical oxidation was employed using bulk electrolysis, with the working electrode poised at 1100 mV vs. Ag/AgCl. The resulting spectrum of the oxidised product (ESI Fig. S4 †) resembles that of the starting material, but there are significant differences. A broader band with similar intensity replaces the MMCT maximum. A similar spectrum was found when pulse radiolytically generated hydroxyl radicals were employed as the oxidant (ESI Fig. S4 †) . The spectrum of [Ru(CN) 6 ] 3− exhibits three intense broad absorption bands from 250-370 nm ( = 1. 5 ] are, coincidentally, very similar. The MMCT transition of both complexes also vanishes upon reduction of the Co III centre. In this case, the lability and airsensitivity of the putative Co II -M II (M = Fe or Ru) complexes necessitated the rapid acquisition of an electronic spectrum following reduction. Pulse radiolytically generated aquated electrons were the reducing source of an N 2 -purged solution of the Co III -M II (M = Fe or Ru) complex. In both complexes (ESI Fig. S5 †) , the MMCT transition is lost immediately following the pulse to generate a 'stable' fully reduced species, as no subsequent change in either absorption spectrum was seen over a period of a few seconds (the limit of the experimental setup ). All known hexaaminecobalt(II) complexes are high spin, but the successive introduction of S-donors Changing the hexacyanometallate moiety, while retaining the same Co III macrocyclic complex unit has a much greater influence on the electrochemistry. The difference between the higher potential Fe III/II ( Fig. 3(a) ) and Ru III/II (Fig. 3(c) ) couples is striking (~500 mV) and similar to the difference found between redox potentials of the mononuclear [Ru(CN) 6 (Fig. 4(a) Table 1 summarises the relevant spectroscopic and electrochemical data for these complexes. E op and G o have been determined directly from the MMCT energy and the redox potential separation respectively, and the reorganisational energy () has been calculated using eqn. (1), and the values relevant to this equation appear in bold type. In principle,  may be determined independently of E op and G o using eqn. (2), but an accurate measurement of the MMCT bandwidth (ν 1/2 ) is crucial given that  is proportional to the square of the bandwidth i.e. error propagation will be large if a poor estimate of ν 1/2 is made. In all of the spectra shown in Fig. 4 , the MMCT transition overlaps with d-d bands from the Co III chromophore so an accurate measurement of ν 1/2 is not possible. Spectral deconvolution techniques may be applied assuming Gaussian band shapes. However, this introduces a potentially major systematic error if more than one combination of bands matches the experimental spectrum i.e. one is forced to choose the 'correct' MMCT bandwidth from two or more values of ν 1/2 derived from different deconvolution solutions. A further complication arises from spin orbit coupling 35 in the excited state, which may split the MMCT transition; leading to band asymmetry and broadening depending on the magnitude of the coupling constant. This is most significant in second and third row transition elements i. ). The ensuing changes to the MMCT energy could be rationalised quantitatively by application of Hush theory, and it was found that the free energy change between the redox isomers was the dominant effect in these systems. Reorganisational energies showed little variation, as one would expect given the structural and electronic similarities between the compounds. ) is unrealistically large. View Article Online
Oxidation of trans-[L
